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ABSTRACT 
 Highly crosslinked epoxy resins are known to possess high stiffness, high 
strength, and good thermal stability, all advantages as matrices for composite materials.  
However, the primary drawback of highly crosslinked epoxies is poor fracture resistance.  
While the intrinsic fracture toughness of an epoxy comes from shear yielding near the 
crack tip, high crosslink density inhibits such matrix plasticity.  The use of a higher 
epoxy molecular weight, which increases the molecular weight between crosslinks, has 
been shown to promote matrix plasticity.  Also, toughening agents such as rubber 
particles, which are able to cavitate, can be used in order to promote matrix dilation and 
plastic void growth, thus dissipating energy around the crack tip.  Such toughening agents 
have been shown to significantly increase the fracture toughness of the neat resin.   
 In this investigation, the effects of molecular weight between crosslinks on the 
toughenability in highly crosslinked diglycidyl ether of bisphenol A (DGEBA) epoxy 
systems were studied.   Crosslinkers used were 4,4’-diaminodiphenylsulfone (DDS) and 
1,3-phenylenediamine (mPDA).  Crosslink density was controlled by varying the epoxy 
monomer molecular weight or the amount of chain extenders in the systems.  A new type 
of toughening agent consisting of a triblock copolymer of methyl methacrylate and butyl 
acrylate (MAM*) was used to produce nanometer-size particles, and the toughening 
results were compared to systems with more well-known rubber modifiers.  In addition, 
the effects of crosslinker functionality on toughenability are also studied with the use of a 
trifunctional crosslinker, n-methyl-1,2-phenylenediamine (nMoPDA).   Results from this 
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research suggest that molecular weight between crosslinks plays a larger role in the 
toughenability of epoxy resins than the functionality of the crosslinker. 
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1. INTRODUCTION 
Highly crosslinked thermosets are commonly used as matrix materials in polymer 
matrix composites (PMCs).  PMCs generally contain layers of rigid fibers made of glass 
or carbon, which can be discontinuous, continuous and unidirectional, or continuous 
crossply.  These fibrous layers are then infiltrated with a thermosetting resin during 
processing.  PMCs are used in a host of different structural applications, such as the 
construction of watercraft, aircraft, spacecraft, and artillery.  Thermosets such as highly 
crosslinked epoxy resins are desirable for the composite matrix due to properties such as 
high strength, high stiffness and good thermal stability.  However, the biggest drawback 
of highly crosslinked epoxies is their poor flaw tolerance [1].  Thus, the primary goal of 
this research was to investigate a method to improve the flaw tolerance of highly 
crosslinked epoxy resins while still attempting to maintain the high strength that makes 
such resins desirable for PMC applications. 
1.1 Motivation – Fracture Behavior of Epoxy Matrix Composites 
It has been observed that the most common mode of failure in a continuous fiber 
reinforced PMC is delamination, i.e., the failure between plies in a composite material 
[2].  As result, the property that most needs to be improved for a PMC is the interlaminar 
fracture toughness, or the flaw tolerance between plies, of the composite.  Interlaminar 
fracture toughness is often quantified in terms of a critical strain energy release rate, or 
GC.  Johnston proposed that the most effective way to improve the interlaminar fracture 
toughness of a PMC is to improve the bulk fracture toughness of the host resin. This bulk 
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fracture toughness can also be represented as a GC or as a stress intensity factor, or KC.  
The relationship between GC and KC is described using the following equation [3]: 
   
  
 
 
  (1.1) 
where E is the Young’s modulus of the material.  A graph showing the relationship 
between composite and bulk GC is shown in Figure 1-1.  
 
Figure 1-1.  Graph of composite GC as a function of the GC of the host resin [2]. 
 
 Many methods have been proposed to improve the flaw tolerance of a highly 
crosslinked resin.  Most of these methods, however, result in a decrease in the yield stress 
and thus reduce the compressive failure stress of the corresponding composite material 
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[4].  This trend is illustrated in Figure 1-2.  As a result, when the flaw tolerance of a 
polymer is improved by rubber-modification, there is a trade-off involving the strength of 
the composite. 
 
Figure 1-2.  Graph showing linearity between the ultimate compressive failure stress of 
fiber-reinforced composites and the shear yield stress of matrices [4]. 
 
1.2 Effect of Crosslink Density/Average Functionality on Glass Transition 
Temperature 
 One of the factors that most influences the properties of epoxy resins is the 
crosslink density of the system, which is often described in terms of the average 
molecular weight between crosslinks, or MC.  Primary factors influencing the crosslink 
density of an epoxy system are the epoxide equivalent weight of the monomer, Me, the 
functionality f of the amine or amines used to cure the epoxy, the molecular weight Mf of 
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the curing agent used, and the mole fraction φf of the curing agent used [5,6].  This 
relationship is shown in the following equation: 
   
      
  
 
   
 
   
 
  
 
 
   
 . (1.2) 
The molecular weight between crosslinks can also be determined experimentally using 
dynamic mechanical analysis (DMA) in combination with rubber elasticity theory, the 
use of which is described in more detail in Section 2.2.2. 
 One property that is strongly influenced by the molecular weight between 
crosslinks is the glass transition temperature, or Tg.  Nielsen experimentally determined a 
relationship between molecular weight between crosslinks and the Tg of the system, or 
the temperature above which a polymer changes mechanical behavior from glass-like to 
rubber-like [7].  As a result, the shear modulus of the material drops by around three 
orders of magnitude as observed using DMA, an example of which is shown in Figure 1-
3 [8].  The relationship between MC and Tg is predicted by the following relation 
proposed by Nielsen: 
       
       
  
 (1.3) 
where Tg0 is the Tg at infinite molecular weight between crosslinks.  For a diglycidyl ether 
of bisphenol A (DGEBA)-based epoxy resin cured with 4,4’-diaminodiphenyl sulfone 
(DDS), the value of Tg0 is 364K [6].  This relationship is further illustrated in Figure 1-4, 
and the chemical structures of DGEBA and DDS are given in Figure 1-5 [9]. 
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 In addition to MC, the average functionality of the crosslinker has been shown to 
have an effect on the Tg of epoxies. Crawford and Lesser have studied the effects of using 
crosslinkers with different functionalities, as well as mixtures of amines to develop epoxy 
systems with mixed crosslinking and thus an average crosslink functionality, fc  [5].  
Their work primarily consisted of the use of the tetrafunctional aromatic amine 1,3-
phenylenediamine (mPDA) and the trifunctional aromatic amine n-methyl-1,2-
phenylenediamine (nMoPDA) as crosslinkers.  The difunctional aromatic amine aniline 
was also used as a chain extender.  The chemical structures of these three amines are 
shown in Figure 1-6.   
 
Figure 1-3.  DMA data showing shear modulus as a function of temperature for 
DGEBA/DDS systems at four different crosslink densities.  Tg is shown to drop with 
increasing molecular weight between crosslinks [8]. 
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Figure 1-4.  Graph of Tg vs. monomer molecular weight for DGEBA/DDS epoxy systems 
[9]. 
 
 
Figure 1-5.  Chemical structures of (top) DGEBA and (bottom) DDS. 
 
Figure 1.6.  Left to right: Chemical structures of mPDA, nMoPDA, and aniline. 
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The relationship between Tg and fc is given by the following equation: 
       
       
  
 
  
. (1.4) 
where ζ is a parameter related to the molecular weight of the unreacted resin and to the 
ratio of incremental free volume contributions from both the epoxy resin and the amine.  
The value for ζ has been found to be 39 kg K/mol for a DDS-cured system and 34 kg 
K/mol for an mPDA-cured system [5,7].  These results show that glass transition 
temperature is affected by both molecular weight between crosslinks and functionality.  
The graph in Figure 1-7 further illustrates this combined effect and also shows an 
increase in Tg with increasing amine functionality. 
 
Figure 1-7.  Graph showing the combined effects of average functionality and crosslink 
density on glass transition temperature [5]. Open symbols represent a series of aliphatic 
amines whereas solid symbols represent a series of aromatic amines. 
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 In addition to effects from crosslink density and functionality, the Tg of an epoxy 
system has also been shown to be a function of the chemical structure of the 
epoxy/crosslinker system.  Bellenger, et al, modeled the Tg with respect to contributions 
from the chemistry of the epoxy network such as the structure of the linear polymer, the 
degree of crosslinking of the network, and the flexibility of bonds in the linear segments 
of the polymer [6].  This model began with an evaluation of the work of DiMarzio, et al, 
who developed the following relationship [10]: 
      
   
 
     
       
 (1.5) 
where KDM is a universal constant (experimentally determined to be 2.91), F is the 
reciprocal concentration of flexible bonds in the linear chain segments, and n is the 
crosslink density.  Bellenger, et al, were able to further model the structure-Tg 
relationship by developing the following equation: 
 
  
 
 
   
    (1.6) 
where M is the molecular weight of the linear DGEBA polymer, Tgp is the Tg of the linear 
DGEBA polymer at infinite length, and b represents contributions from a chain end to 
M/Tg.  Bellenger, et al, also further developed the meaning of F, the flex parameter 
described in Eqn. 1.5, for a crosslinked system with multiple types of crosslink mers.  
The structure of these crosslink mers is determined by the functionality of the epoxy resin 
and of the crosslinker.  Bellenger, et al, determined F to be a function of the number of 
11 
 
crosslink mers in the network, N, the number of crosslink mers of each type i, Ni, with 
flex parameter Fi.  This model exists as follows: 
  
     
 
. (1.7) 
Some examples of epoxy systems modeled by Bellenger, et al are shown in Table 1-1.  
These data compare DGEBA systems cured with DDS and mPDA, which promote high 
degrees of crosslinking, with a DGEBA system cured with ethylenediamine (DA2), 
which promotes a light degree of crosslinking.  As a result, the work of Bellenger, et al, 
can be used to predict Tg for a crosslinked epoxy based on the chemical structure of the 
epoxy monomer and of the curing agent.  Since the aliphatic amine DA2 contains 
significantly more flexible bonds than the aromatic amines DDS and mPDA, this results 
in the lower Tg, Tg0, and flex parameter of the DA2 system.  As can be observed in the 
table, the model presented by Bellenger, et al, predicts the Tg reasonably well, though 
with slight underpredictions.  These were explained as resulting from slight deviations 
from ideal sample preparation conditions or possible side reactions.  Regardless, the 
Bellenger model presents a strong relationship between Tg and the chemical structure of 
an epoxy system. 
Table 1-1.  Effects of Chemical Structure on Tg of DGEBA Epoxies [6]. 
Curing 
Agent 
Monomer 
Unit Molar 
Mass 
(g/mol) 
Crosslink 
Nodes per 
Monomer 
Unit 
Tg, 
Measured 
(K) 
Tg0 
(K) 
Flex 
Parameter, 
F (g/mol) 
Tg, 
Calculate
d (K) 
DDS 788 2 451 341 31.67 445 
mPDA 928 2 493 364 37.00 474 
DA2 820 2 396 331 22.52 394 
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1.3 Effect of Crosslink Density/Average Functionality on Yield Stress 
 Molecular weight between crosslinks and average functionality have also been 
shown to have a significant effect on the yield behavior of an epoxy system.  For a highly 
crosslinked epoxy resin such as a DGEBA/DDS system, an increase in MC has shown to 
result in a decrease in the yield stress of the system, and at high molecular weights 
between crosslinks, strain softening is able to occur [11].  These effects are seen in Figure 
1-8.  Regarding average functionality, the relationship between yield stress and the MC-fc 
combined factors was determined by Crawford and Lesser to be the following: 
       
      
  
 
  
 (1.8) 
where σy is the yield stress.  Graphs detailing this relationship and the effects on fracture 
toughness are shown in Figure 1-9.  As can be observed from that graph, the yield stress 
tends to increase with average functionality. 
 
Figure 1-8.  Effects of crosslink density on yield stress in DGEBA/DDS epoxies [11]. 
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Figure 1-9.  Graph of yield stress for systems with mixed crosslinking as a function of the 
combined effects of molecular weight between crosslinks and average functionality [5]. 
 
1.4 Intrinsic Toughening Mechanisms 
A general model for intrinsic toughness in an epoxy resin has been described by 
Evans, et al [12].  This model describes the existence of a plastic zone surrounding a 
crack present in the material.  This plastic zone shields the crack tip thus providing 
inherent toughness and energy dissipation.  The Evans model, commonly used to describe 
the inherent toughness in a ductile epoxy resin, is further illustrated in Figure 1-10.  
However, in highly crosslinked epoxy resins, the mobility of the polymer chains is 
significantly decreased, thus making the epoxy matrix more brittle and significantly 
restricting shear yielding.  Thus, instead of a fracture toughness of 1.2-1.5 MPa m
1/2
, 
which is common in a ductile epoxy system, the fracture toughness in a more highly 
crosslinked system is on the order of 0.5-0.7 MPa m
1/2
 [5, 8,9,11,13-15].  Thus, 
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additional toughening strategies which are extrinsic in nature must be considered to 
improve the flaw tolerance in a highly crosslinked resin. 
 
Figure 1-10.  Schematic showing presence of plastic zone surrounding crack tip as 
modeled in the case of a ductile epoxy resin [12]. 
 
1.5 Effect of Crosslink Density/Average Functionality on Intrinsic Toughness 
 Intrinsic toughness of an epoxy resin has also been observed to be a function of 
both molecular weight between crosslinks and average functionality.  Pearson and Yee 
studied the effects of crosslink density on intrinsic toughness by varying the epoxy 
monomer molecular weight in a DGEBA/DDS cured system [8,9,16].    As a result, they 
observed that the fracture toughness of an epoxy resin tends to increase linearly, though 
modestly with monomer molecular weight, and in turn, molecular weight between 
crosslinks.  This relationship is also illustrated in Figure 1-11, adapted from the work of 
Lee and Yee [17].  A similar effect was also seen by LeMay and Kelley, who also 
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observed that fracture toughness increased with temperature and decreased with strain 
rate [18]. 
 
Figure 1-11.  Graph of fracture toughness vs. epoxy monomer molecular weight for 
DGEBA/DDS systems [17]. 
 
With regards to average functionality, Crawford and Lesser were again able to 
find a combined relationship between fracture toughness and both molecular weight 
between crosslinks and crosslink functionality.  A graph demonstrating this relationship 
is shown in Figure 1-12.  As functionality increases, the fracture toughness appears to 
show a decrease, though this decrease appears to be statistically minimal. 
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Figure 1-12.  Graph of fracture toughness for systems with mixed crosslinking as a 
function of the combined effects of molecular weight between crosslinks and average 
functionality [5]. 
 
 The results from Crawford and Lesser describe a combined effect of both 
molecular weight between crosslinks and average functionality on glass transition 
temperature, yield stress, and crosslink density.  While the effects of crosslink density on 
fracture toughness have been well studied and understood, the effects from average 
functionality alone are not yet understood.  Furthermore, it remains to be determined as to 
which factor has a greater impact on the fracture toughness of a highly crosslinked epoxy 
system. 
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1.6 Extrinsic Toughening Mechanisms 
As discussed in Section 1.1, extrinsic toughening strategies have been employed 
in order to improve the flaw tolerance of highly crosslinked epoxy resins.  One of the 
most commonly employed extrinsic toughening strategies is the addition of micron-sized 
or nano-sized rubber particles to the epoxy.  The rubber particles are dissolved into the 
heated epoxy, then phase separate during curing into randomly dispersed particles.  These 
rubber toughening agents provide preferential sites for matrix shear banding and plastic 
void growth, thus promoting localized matrix plasticity and shear yielding.  Thus, the 
crack tip is further shielded and additional fracture energy dissipated.  This mechanical 
response to the presence of an additive such as rubber particles is known as the 
“toughenability” of the epoxy system.  The images in Figure 1-13 show microscopic 
evidence of matrix shear banding and plastic void growth, the two primary toughening 
mechanisms in rubber toughened epoxies [16, 19-21].  Note the rubber cavitation 
response to plastic void growth, a result of the incompressibility of rubber due to a 
Poisson’s ratio of 0.5.  
A summary model of the toughening mechanisms in a rubber-toughened epoxy 
was developed by Kinloch, et al [21].  This model described the overall fracture 
toughness of a rubber-modified epoxy with the use of the following equations: 
          (1.9) 
              (1.10) 
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where subscripts of 0, s, v, and r represent contributions from the unmodified epoxy, 
shear banding, plastic void growth, and any rubber particle bridging effects that might 
exist in the system.  A schematic illustrating each of these mechanisms is shown in 
Figure 1-14.  The Kinloch model also directly relates the fracture toughness, specifically 
the shear banding component, to the yield stress and the strain to failure of the epoxy 
system.  This further suggests a relationship between plasticity and overall fracture 
toughness. 
 
 
Figure 1-13.  (Left) Optical micrograph illustrating matrix shear banding in a rubber-
toughened epoxy resin.  (Right) Scanning electron microscope image showing cavitated 
rubber particles resulting from matrix plastic void growth [16,19]. 
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Figure 1-14.  Schematic showing shear banding, plastic void growth, and rubber bridging 
mechanisms in an epoxy resin [21]. 
 
 Many different types of rubber particles have been considered for toughening of 
epoxies.  The most commonly studied class of rubber particles is a carboxyl-terminated 
butadiene-acrylonitrile copolymer (CTBN).  These rubber particles are generally supplied 
in the liquid state and can phase separate into particles 1-5 µm in diameter.  In a DDS-
cured DGEBA system, 10 volume percent CTBN has been shown to increase the fracture 
toughness to as high as 1.0 MPa m
1/2
 [9].  Similar toughening results have been observed 
with the use of nano-sized block copolymers, such as styrene-butadiene-methyl 
methacrylate triblock terpolymers (SBM) and methyl methacrylate-butyl acrylate-methyl 
methacrylate triblock copolymers (MAM) in a similar concentration [22,23].  The methyl 
methacrylate serves as a miscible block, and the remaining block or blocks are able to 
phase separate during curing, allowing self assembly of 25-100 nm particles in the epoxy 
resin.  A third class of rubber particles is also being explored as an epoxy toughening 
agent.  This class of rubber toughener takes the form of preformed core-shell particles 
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which can be predispersed in epoxy.  The shell is generally methacrylated to allow for 
miscibility, while the core is phase separable and is generally composed of 
polybutadiene, polystyrene, or a copolymer of the two.  Preliminary results have shown 
that 10 parts per hundred resin by weight of these core-shell particles can increase the 
fracture toughness of a DDS-cured epoxy to as high as 1.5 MPa m
1/2 
[24].  Thus, rubber 
tougheners can provide significant increases in the flaw tolerance of a highly crosslinked 
epoxy resin. 
1.7 Effect of Crosslink Density on Toughenability 
 As described in Section 1.6, “toughenability” is a mechanical response to the 
presence of an additive in a polymer matrix such as an epoxy resin.  A polymer matrix is 
considered to be toughenable if the presence of the additive, such as rubber particles, 
contributes a significant increase over the inherent fracture toughness of the neat resin.  A 
correlation has been determined between the molecular weight between crosslinks and 
the toughenability of an epoxy resin.  Pearson and Yee studied this effect in a DDS-cured 
DGEBA system modified with 10 volume percent (vol%) CTBN rubber particles 
[8,9,16].  Their results are shown in Figure 1-15.  While the fracture toughness increased 
modestly with increasing molecular weight between crosslinks in the case of an 
unmodified resin, the increases in toughness became much more pronounced in a rubber 
modified system.   
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Figure 1-15.  Effect of crosslink density on toughenability of CTBN-modified 
DGEBA/DDS epoxy systems [9]. 
 
 Toughenability of an epoxy system has also been shown to be a function of the 
cure schedule used.  Kinloch, et al, studied the effects of different cure schedules on the 
crosslink density and toughenability of DGEBA epoxy resins cured with 5 phr piperidine 
and modified with 15 phr CTBN [25].  The results of his studies are summarized in Table 
1-2.  Unlike DDS or mPDA, which react via amine addition, the use of piperidine results 
in a catalytic cure, the mechanism of which results in a lighter degree of crosslinking at a 
higher cure temperature.  While the Tg is relatively unaffected by the presence of rubber, 
the use of a higher cure temperature results in a Tg decrease of 12-13°C.  Also, with the 
120°C cure temperature, the fracture toughness versus the neat resin increased by a factor 
of 2.5 in the presence of rubber.  With the 160°C cure temperature, and thus the higher 
molecular weight between crosslinks, the fracture toughness compared to the neat resin 
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increased by a factor of around 3.3.  These results show that toughenability of an epoxy 
system is indeed sensitive to cure schedule. 
Table 1-2: Effects of Cure Schedule on Toughenability of Piperidine-Cured Epoxies [25]. 
Cure Schedule Rubber Content Tg (°C) MC (g/mol) KIC (MPa m
1/2
) 
16 hrs @ 120°C None 100 590 0.88 
16 hrs @ 120°C 15 phr CTBN 101 630 2.64 
6 hrs @ 160°C None 87 4900 1.29 
6 hrs @ 160°C 15 phr CTBN 89 4370 4.23 
 
 In addition to the effects of CTBN rubber, toughenability studies have also been 
performed using core-shell rubber.  Kausch, et al, used 100-200 nm core-shell rubber 
particles (CSR) with an acrylic/styrene shell and a butadiene/styrene core in a phenolic 
novolac resin/DDS system [26].  The results presented by Kausch, et al, also showed 
significant increases in toughenability as a function of molecular weight between 
crosslinks.  This relationship is shown in Figure 1-16.  As a result, it has been observed 
that both CTBN and core-shell rubber can increase the fracture toughness of a neat epoxy 
resin, and the toughenability increases with increasing molecular weight between 
crosslinks. 
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Figure 1-16.  Effect of crosslink density on toughenability of CSR-modified phenolic 
novolac/DDS epoxy systems.  The unfilled points and right y-axis correspond to the neat 
resins, while the filled points and left y-axis correspond to the modified resins [26]. 
 
1.8  On the Use of Self-Assembling Block Copolymers to Toughen Epoxies 
 A new form of rubber toughening agent is under investigation for improving the 
fracture toughness of polymers such as epoxy resins.  This new rubber modifier 
technology involves block copolymers, which are designed to self-assemble into well-
dispersed nano-sized particles within the host resin.  As with other rubber-toughened 
systems, these nanoparticles are designed to undergo cavitation and promote matrix 
dilation and matrix shear banding.  The purpose of using such nanotechnology is to 
improve the flaw tolerance of the polymer matrix with modest sacrifices in terms of other 
properties such as yield stress and Tg. 
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One form of triblock rubber that has been under investigation is a terpolymer of 
styrene, butadiene, and methyl methacrylate (SBM).  Hydro and Pearson studied the 
effects of SBM in two lightly crosslinked DGEBA-based epoxy systems, one cured with 
piperidine and one cured with aminoethylpiperazine (AEP) [27].  Their results showed 
that the fracture toughness of the system increased from 0.6 MPa m
1/2
 to as high as 2.7 
MPa m
1/2
 with only 10 phr SBM. 
 An additional form of triblock rubber under investigation is a symmetric 
copolymer of methyl methacrylate and butyl acrylate (MAM).  These systems have been 
under study by Barsotti, et al., and Kishi, et al. [22,28].  A chemical structure for MAM 
and an example micrograph of the dispersed morphology in an epoxy resin can be seen in 
Figure 1-17.  These block copolymers are designed for use with more polar crosslinkers 
and can even be functionalized with dimethylacrylamide (DMA) in order to improve 
compatibility of the nanorubber phase with the epoxy/amine system.  Kishi, et al, found 
that use of these MAM particles in a phenol novolac (PN)-cured DGEBA system 
increased the fracture toughness from 0.62 MPa m
1/2
 to as high as 2.49 MPa m
1/2
 at just 
10 wt%.  Barsotti, et al, observed increases from 0.88 MPa m
1/2 
to as high as 1.82 MPa 
m
1/2
 in a DGEBA/dicyandiamide (DICY) system with 10 wt% MAM, as well as 
increases up to 1.08 MPa m
1/2
 in a DDS-cured DGEBA system.  Thus, the use of self-
assembling block copolymers has shown promise in toughening epoxies. 
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Figure 1-17.   Top to bottom: Chemical structure of MAM triblock copolymers [28] and 
AFM micrograph of MAM dispersed in a DGEBA-based epoxy resin cured with DICY 
[22]. 
 
1.9 Objectives 
The objectives of this research were the following: 
1. To evaluate the toughening efficiency of the MAM block copolymer in epoxy 
matrices cured with aromatic amines. 
2. To determine the effect of molecular weight between crosslinks on the 
toughenability of an aromatic amine-cured epoxy system when MAM is used. 
3. To elucidate the role of crosslinker functionality on toughenability of a MAM 
toughened epoxy. 
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2. EXPERIMENTAL APPROACH 
2.1 Materials: Formulations and Cure Schedules 
In order to accomplish the objectives set forth for this research project, four series 
of rubber toughened epoxy formulations were produced.  The first series, designed to 
serve as a control, consisted of a series of epoxy resins of varying monomer molecular 
weight based on a well known system (diglycidyl ether of bisphenol A (DGEBA) and 
cured with 4,4’-diaminodiphenylsulfone (DDS)).  The fracture behavior of this epoxy 
system has been well-studied in the literature [8,9,11,14,16,17]. The second series 
consisted of the same DGEBA monomers, this time cured using 1,3-phenylenediamine 
(mPDA).  The fracture behavior of this epoxy system is not as well-studied as the 
DGEBA/DDS system. These two series were designed for the general evaluation of 
toughening efficiency in highly crosslinked epoxy resins, with the variation of monomer 
molecular weight employed to control crosslink density. 
The third series consisted of a low monomer molecular weight DGEBA epoxy 
resin cured with mPDA but using aniline as a chain extender.  This series is designed to 
present an alternate method of controlling molecular weight between crosslinks and has 
been used in the literature [5].  Again, the goal of this series was to determine the effects 
of crosslink density on toughenability, which have not been studied for this system.  The 
fourth series involved the substitution of mPDA with a trifunctional aromatic amine 
known as n-methyl-1,2-phenylenediamine (nMoPDA) in an effort to study the effects of 
crosslinker functionality on toughenability.  Through these studies, a conclusion can be 
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drawn as to whether molecular weight between crosslinks or crosslink functionality has a 
greater effect on the toughenability of highly crosslinked epoxy resins. 
A relatively new type of rubber toughening agent was employed to evaluate the 
toughenability of these epoxy systems: a triblock copolymer of methyl methacrylate and 
butyl acrylate, which the end blocks are functionalized with a small amount of 
dimethylacrylamide to improve miscibility (MAM*, Arkema Nanostrength M52N). 
2.1.1 Series I: DDS Cured Epoxy Resins – Effect of Epoxy Monomer Molecular 
Weight on Toughenability 
 The epoxy systems used in this series of epoxy formulations were based on 
DGEBA (Dow Chemicals) and cured with a stoichiometric amount of DDS (RSA Corp.).  
These materials have been studied in detail in the literature [8,9,11,14,16,17] and serve as 
a control. All chemicals were used as-received without further purification.  A series of 
three different monomer molecular weights was used in order to vary the crosslink 
density of the epoxy system. 
 The neat epoxy resins were processed by heating the epoxy monomer, adding in 
DDS, and then mixing under vacuum using a mechanical stirrer until the DDS was fully 
dissolved.  The epoxy-curing agent mixture was then poured into either heated plaque 
molds or four-point bend cavity molds, then oven-cured.  Monomer molecular weights, 
mixing times and temperatures, and cure schedules are listed in Table 2-1, and 
formulation quantities are further defined in Table 2-2.  
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Table 2-1: Series I DGEBA/DDS Mixing/Cure Procedures 
Epoxy 
Resin 
Monomer 
Molecular 
Weight 
(g/mol) 
Mixing Schedule Cure Schedule 
Postcure 
Schedule 
DER 331 364-384 1 hr @ 80°C 16 hrs @ 120°C 2 hrs @ 250°C 
DER 337 460-500 1 hr @ 80°C 16 hrs @ 120°C 2 hrs @ 250°C 
DER 661 1000-1120 30 min @ 140°C 16 hrs @ 140°C 2 hrs @ 200°C 
 
Table 2-2: Series I DGEBA/DDS Formulations 
Epoxy Resin 
Epoxy Monomer 
Mass (g) 
Mass of Rubber 
Modifier, if used 
(g) 
DDS Mass (g) 
DER 331 200 20 66 
DER 337 200 20 52 
DER 661 200 20 24 
 
 The rubber-modified systems were prepared as masterbatches by adding 20 
weight parts per hundred resin (phr) MAM* to the epoxy resin and mixing under vacuum 
for 24 hrs to make sure the MAM* was completely dissolved in the epoxy.  The mixing 
temperature for the masterbatches was 120°C for the 300-series masterbatches and 160°C 
for the DER 661-based masterbatch.  Each masterbatch was then diluted down to a 10 phr 
MAM* concentration for 4 hrs at the mixing temperature listed in Table 2-1.  Processing 
for each formulation was then completed with the addition of curing agent and mixing, 
degassing, and curing using the parameters listed in Table 2-1. 
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2.1.2 Series II: mPDA Cured Epoxy Resins – Effect of Epoxy Monomer Molecular 
Weight on Toughenability  
 
 A crosslink density study similar to that described in Section 2.1.1 was performed 
on epoxy resins cured with mPDA (Aldrich).  The epoxy resins used are described in 
Table 2-2.  MAM*-modified formulations were also made for this series of epoxy resins 
using the masterbatch procedure described in Section 2.1.1.  Mixing times for all 
formulations are also described in Table 2-3, and formulations are detailed in Table 2-4.  
The cure schedule for all formulations was 12 hrs at 50°C followed by a 3-hr postcure at 
20°C greater than the glass transition temperature (Tg) of the epoxy system as determined 
through Differential Scanning Calorimetry (DSC, described in Section 2.2.3). 
 
Table 2-3: Series II DGEBA/mPDA Mixing/Cure Procedures 
 
Epoxy 
Resin 
Monomer 
Molecular 
Weight 
(g/mol) 
Mixing Schedule 
for Neat Resin* 
Cure Schedule 
for Neat Resin 
Post Cure 
Schedule for 
Neat Resin** 
DER 
332 
344-352 30 min @ 80°C 12 hrs @ 50°C 3 hrs @ 205°C 
DER 
337 
460-500 30 min @ 80°C 12 hrs @ 50°C 3 hrs @ 170°C 
DER 
661 
1000-1120 5 min @ 135°C 12 hrs @ 50°C 3 hrs @ 145°C 
*  Mixing schedule for rubber-toughened formulations were half the time to avoid 
gelation. 
**Cure schedule was 5 degrees higher for rubber-toughened formulations. 
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Table 2-4: Series II DGEBA/mPDA Formulations 
Epoxy Resin 
Epoxy Monomer 
Mass (g) 
Mass of Rubber 
Modifier, if used 
(g) 
mPDA Mass (g) 
DER 332 200 20 31.2 
DER 337 200 20 22.6 
DER 661 200 20 10.2 
 
2.1.3 Series III: mPDA Cured Epoxy Resins – Effect of Aniline-Based Chain 
Extenders on Toughenability       
 With this method, the molecular weight between crosslinks of DER 332 was 
varied by adjusting the weight ratio of mPDA added to the content of the difunctional 
chain extender aniline (Alfa Aesar).  Formulations containing mixtures of mPDA and 
aniline are described in Tables 2-5 and 2-6.  The aromatic amines were added to the 
epoxy at 80°C, and the mixture was stirred and degassed for 30 min.  The formulation 
was then poured and cured using the same schedule as described in Section 2.1.2. 
 
Table 2-5: Series III DER 332/mPDA/Aniline Mixing/Cure Procedures 
 
mPDA:
Aniline 
Ratio 
(wt%) 
Calculated 
MC (g/mol) 
Mixing Schedule 
for all Resins 
Cure Schedule 
for Neat Resin 
Post-Cure 
Schedule for 
Neat Resin* 
100:0 400 30 min @ 80°C 12 hrs @ 50°C 3 hrs @ 205°C 
75:25 550 30 min @ 80°C 12 hrs @ 50°C 3 hrs @ 180°C 
50:50 850 30 min @ 80°C 12 hrs @ 50°C 3 hrs @ 145°C 
25:75 1730 30 min @ 80°C 12 hrs @ 50°C 3 hrs @ 130°C 
* Post-cure schedules were 5-10 ˚C higher for rubber-toughened formulations. 
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Table 2-6: Series III DER 332/mPDA/Aniline Formulations 
mPDA: 
Aniline 
Ratio (wt%) 
Epoxy 
Monomer Mass 
(g) 
Mass of Rubber 
Modifier, if any 
(g) 
mPDA 
Mass (g) 
Aniline Mass 
(g) 
100:0 200 20 31.2 0 
75:25 200 20 23.4 13.5 
50:50 200 20 15.6 27 
25:75 200 20 7.8 40.5 
 
 As with the formulations where epoxy monomer molecular weight was varied, 
MAM*-modified formulations were also made, using the same parameters for curing 
agent addition, mixing, and curing as for the unmodified resins.  Additionally, in order to 
observe further improvements in toughenability, separate formulations were made 
containing one of two other rubber modifiers.  The first was carboxyl-terminated 
butadiene-nitrile (CTBN, Hycar 1300x8, Emerald Performance Materials), provided as a 
liquid that was directly added to the epoxy resin at a 10 phr concentration.  The second 
was a dispersion of preformed core-shell rubber particles (CSR, Kane Ace MX125, 
Kaneka), consisting of a butadiene-styrene core and a methyl methacrylated shell.  The 
dispersion was provided at 25 wt% CSR in a DGEBA resin similar to DER 331 and was 
diluted to 10 phr CSR before curing.  The monomer molecular weights of DER 331 and 
DER 332 are similar enough to allow for a reasonable comparison of properties. 
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2.1.4 Series IV: nMoPDA Cured Epoxy Resins – Effect of Crosslinker 
Functionality on Toughenability  
 
 The effect of amine functionality on fracture toughness was also examined. 
Formulations were prepared by substitution of the tetrafunctional mPDA curing agent 
with a trifunctional aromatic amine, n-methyl-1,2-phenylenediamine (nMoPDA).  The 
amine contents chosen for the two nMoPDA-cured formulations were a formulation 
cured with 100 wt% nMoPDA for the high degree of crosslinking and a formulation 
containing 70 wt% aniline and 30% nMoPDA for the low degree of crosslinking.  
Unmodified and MAM*-modified formulations were prepared using procedures similar 
to those described in Sections 2.1.2 and 2.1.3.  Preparation parameters and formulation 
details are described in Tables 2-7 and 2-8. 
 
Table 2-7: Series IV DER 332/nMoPDA/Aniline Mixing/Cure Procedures 
nMoPDA:
Aniline 
Ratio 
(wt%) 
Calculated 
MC (g/mol) 
Mixing Schedule 
for Neat and 
Rubber-
Modified Resins 
Cure Schedule 
for Neat Resin 
Cure Schedule 
for Rubber-
Modified Resin 
100:0 430 30 min @ 80°C 
12 hrs @ 50°C 
3 hrs @ 155°C 
N/A 
30:70 1730 30 min @ 80°C 
12 hrs @ 50°C 
3 hrs @ 125°C 
12 hrs @ 50°C 
3 hrs @ 110°C 
 
Table 2-8: Series IV DER 332/nMoPDA/Aniline Formulations 
mPDA: 
Aniline 
Ratio (wt%) 
Epoxy 
Monomer Mass 
(g) 
Mass of Rubber 
Modifier, if any 
(g) 
nMoPDA 
Mass (g) 
Aniline 
Mass (g) 
100:0 100 10 23.5 0 
30:70 100 10 7.05 18.9 
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2.2 Characterization 
2.2.1 Glass Transition Temperature 
Determining the glass transition temperature, through the use of differential 
scanning calorimetry (DSC) in this study, was essential for determining postcure 
temperatures for the formulations described in Sections 2.1.2 through 2.1.4.  This 
characterization technique was also useful in the crosslink density studies to be discussed 
in Section 2.2.2.  In this technique, typical samples were 10-20 mg in size and were 
placed in hermetically sealed aluminum pans.  The heat flow of the sample was measured 
in comparison to a reference (empty) aluminum hermetic pan.  The instrument used was a 
TA Instruments DSC 2920 equipped with a dual sample cell.  An image of the instrument 
and a sample DSC curve are depicted in Figure 2-1.  Samples were heated from 30°C to 
250°C at 10°C/min to erase any residual thermal stresses.  Afterwards, the specimens 
were cooled back to 30°C, and a second heat cycle was performed using the same 
temperature range and ramp rate as the first heat cycle to obtain the actual data.  The DSC 
curves were then analyzed, and the Tg was then measured as the inflection point during 
the second heat cycle.  At least one specimen was tested per formulation. 
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Figure 2-1.  Top: TA Instruments DSC 2920 used for Tg measurements.  Bottom: A 
representative DSC curve showing a Tg drop for a highly crosslinked epoxy resin. 
 
 
2.2.2 Molecular Weight Between Crosslinks 
 Measurements of molecular weight between crosslinks were performed in order to 
determine the accuracy of the actual crosslink density compared to the theoretical values.  
In order to do so, the principles of rubber elasticity were applied, and Dynamic 
Mechanical Analysis (DMA) was performed on at least one specimen per formulation 
using a Rheometric Scientific Advanced Rheometric Expansion System (ARES).  In this 
test, rectangular torsion specimens with dimensions 50 mm x 12.7 mm x 3.2 mm were 
clamped vertically, as shown in Figure 2-2, and enclosed in a retractable furnace.  The 
specimens were heated from 30°C to 280°C at 5°C steps with 5 min equilibration per 
step.  After equilibration, the bottom fixture, and thus the specimen, were oscillated at a 
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0.2% strain amplitude at a 1 Hz frequency, and the shear storage modulus (G’), loss 
modulus (G’’), and loss tangent (tan δ = G’’/G’) were recorded via a force transducer 
connected to the upper fixture.  The Tg was reported as the temperature at which tan δ 
reached a maximum value in the test temperature range, and the shear modulus, G, used 
in determining molecular weight between crosslinks, was recorded as G’ at Tg + 50°C.  
Sample DMA data are also shown in Figure 2-2 below. 
 
                    
Figure 2-2.  Left: Highly crosslinked epoxy clamped to the ARES using the rectangular 
torsion fixture.  Right: Representative DMA curves, showing decreasing Tg and rubbery 
plateau modulus as a function of increasing molecular weight between crosslinks. 
 
 In addition to the use of DMA, Thermomechanical Analysis (TMA) was 
performed in order to determine linear coefficients of thermal expansion (CTE).  Tests 
were performed on at least one specimen per formulation on rectangular prism specimens 
2-4 mm thick.  The instrument used was a TA Instruments TMA 2940 with a 
macroexpansion probe.  Similarly to DSC, specimens were run with a heat-cool-heat 
procedure, this time from 30-250°C at 2°C/min.  The linear CTE’s of the glassy and 
rubbery regions were then taken as the slopes of the linear regions before and after the Tg 
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slope change, respectively.  Images of the instrument and sample TMA data are shown 
below in Figure 2-3. 
             
 
Figure 2-3.  Top: TMA used for linear CTE measurements.  Bottom: Representative 
TMA data for a highly crosslinked epoxy.  The linear CTE values were determined using 
the slopes before and after the glass transition slope change. 
 
 Finally, density measurements were taken for each formulation.  Specimens 150-
250 mg in size were placed in a 10 mL pycnometer with deionized water as a medium.  
An image of the pycnometer is shown in Figure 2-4.  Specimen density was determined 
using the following relationships (with Equation 2.1 being in simplified form, as the 
density of water is taken to be 1.0 g/cm
3
): 
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                                            (2.1) 
   
  
  
 (2.2) 
Here, V, m, and ρ represent volume, mass, and density, respectively, and the subscripts S, 
p, and w stand for properties of the sample, pycnometer, and water, respectively.  Also, 
αG and αR volumetric CTE’s in the glassy and rubbery regions, which are each three times 
greater than their linear counterparts, and ΔTG is the positive temperature difference from 
the start of the DMA test to the Tg.   
 
Figure 2-4.  Pycnometer used for density measurements. 
 
Finally, molecular weight between crosslinks was obtained using rubber elasticity theory 
[29]: 
  
    
  
 (2.3) 
where R is the ideal gas constant (8.314 J/mol/K), T is Tg + 50°C, and MC is the 
molecular weight between crosslinks. 
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2.2.3 Compressive Yield Stress 
 
 In order to determine yield behavior and to verify plane-strain constraint for the 
fracture toughness specimens which will be discussed in Section 2.2.4, compressive yield 
tests were performed for each formulation.  Specimens used in this test were rectangular 
in geometry and were machined to 12.7 mm x 6.35 mm x 6.35 mm.  During testing, the 
specimens were positioned vertically between two compression plates as shown in Figure 
2-5.  Tests were performed at 1.3 mm/min according to ASTM D695 [30], and at least 
five specimens were tested per formulation.  Stress-strain curves were obtained for each 
specimen, similar to those shown in Figure 1-7 [11], and the yield stress values were 
recorded.  In cases where strain softening occurred, the yield stress was taken to be the 
maximum stress before softening.  In cases of no strain softening, the yield stress was 
obtained by constructing two lines tangent to the slopes before the yield point and 
between the yield and fast fracture regions, then taking the intersection of the two lines. 
 
              
Figure 2-5. Compressive yield setup for Instron 5567. 
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2.2.4 Fracture Toughness 
 In order to determine the effects of molecular weight between crosslinks and 
functionality on the toughenability of highly crosslinked epoxies, the plane-strain fracture 
toughness, KIC, was measured for each formulation.  The test procedure followed 
recommendations from ASTM Standard D5045, in which single edge-notched three-point 
bending (SEN3PB) specimens were used [31].  These SEN3PB specimens were 
rectangular in geometry and bore dimensions of 65 mm x 12.7 mm x 6.35 mm.  
Specimens were notched using a hack saw, and atomically sharp cracks were prepared by 
tapping on a razor blade that was immersed in liquid nitrogen such that the crack 
geometry was penny-shaped.  The crack length, a, was measured by averaging the crack 
depths in the center and edges of the crack front.  Samples were deemed acceptable when 
meeting the following geometry criterion: 
              (2.4) 
where W is the specimen width.  At least five specimens were tested per formulation to 
obtain a reasonable average fracture toughness.  Specimens were then tested in three-
point bending (3PB) on a screw-driven Instron 5567 at a crosshead speed of 1 mm/min, 
and a linear load-displacement curve was obtained.  The instrument and a schematic of 
the test setup are shown in Figure 2-6.  The maximum load was recorded at the end of 
each test, and the fracture toughness was calculated by using the relationship: 
   
  
     
     (2.5) 
where           
                             
              
. (2.6) 
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Here, PQ is the maximum load experienced by the specimen, B is the specimen thickness, 
and x is the ratio a/W.  The value KC is said to be plane-strain constrained, and hence, KIC, 
when the following geometric conditions are true: 
              
  
  
   (2.7) 
where σy is the compressive yield stress as measured using ASTM Specification D695. 
 
        
 
Figure 2-6.  Left: Instron 5567 used for 3PB testing.  Right: Schematic of SEN3PB 
specimen loaded for 3PB testing. 
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2.2.5 Toughening Mechanisms 
Finally, Scanning Electron Microscopy (SEM) was performed on fracture surface 
of specimens tested as described in Section 2.2.4.  The fracture surfaces of the broken 
SEN3PB specimens were cut away from the rest of the sample so that only 2-4 mm 
remained beneath the fracture surface.  Each SEM specimen was then cleaned using 
compressed air to remove dust, mounted onto SEM stubs 12.7 mm in diameter, and 
sputter coated with a 10 nm iridium coating.  Samples were then observed on a Field 
Emission SEM (Hitachi 4300).  The particle dispersion, size, and morphology were noted 
in an effort to elucidate any toughening mechanisms within the rubber toughened 
specimens in order to support the mechanical test data obtained as described in the 
previous sections. 
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3. RESULTS AND DISCUSSION 
 As described in Section 2, the control for this work was DGEBA/DDS, a well-
known highly crosslinked epoxy system, in which the epoxy monomer molecular weight 
was varied to control crosslink density.  Experiments were also performed on a 
DGEBA/mPDA system, another aromatic diamine cured epoxy, where the crosslink 
density was first controlled as a function of monomer molecular weight and then by the 
addition of aniline as a chain extender.  Additionally, a DGEBA/nMoPDA system was 
studied to determine the effects of crosslinker functionality. 
 First, the effects of crosslink density and functionality with respect to Tg, yield 
stress, and fracture resistance were observed for each set of neat resin formulations.  
Then, a block-copolymer-based toughening agent was employed in order to determine the 
roles of crosslink density and functionality on toughenability.  Finally, the toughening 
mechanisms were observed for the rubber-modified formulations.  Thus, the effects of 
crosslink density and functionality on the mechanical behavior of neat and rubber-
modified epoxies were studied. 
3.1 Effect of Molecular Weight Between Crosslinks on Glass Transition 
Temperature 
3.1.1 DDS-Cured Epoxy Resins 
 As described in Chapter 2, theoretical values for the molecular weight between 
crosslinks for each formulation were determined using Eqn. 1.2.  MC measurements were 
obtained using plateau modulus (DMA) and density measurements (pycnometer and 
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TMA).  Tg was evaluated using DSC.  Plateau moduli and densities were determined at 
Tg + 50 ˚C. The results from these characterization techniques for the DDS-cured neat 
DGEBA resins are featured in Tables 3-1 and 3-2.  The glass transition temperature 
measurements appear to run lower than the values from Pearson and Yee and from 
LeMay and Kelley at low monomer molecular weight but were closer at higher monomer 
molecular weight [9,18].  However, an overall decreasing trend with Tg as a function of 
monomer molecular weight was seen, which agrees well with literature.  The measured 
molecular weights between crosslinks were all significantly lower than the calculated 
values from Eqn. 1.2 and lower than values found in literature [9,18].  This could have 
been a result of high plateau moduli used in the rubber elasticity calculations, a possible 
indicator of too low of a strain amplitude used during and after the glass transition.  The 
data in Table 3-1 also suggest that the density measurements were lower than the values 
observed by James Mark and could have contributed to the low molecular weights 
between crosslinks [32].  This appears to be at least partially due to the coefficient of 
thermal expansion measurements being higher than values observed by Mark [32]. 
 
 
 
 
 
 
 
44 
 
Table 3-1: Density (ρ), Coefficient of Thermal Expansion (CTE), Rubbery Plateau 
Modulus (G), and MC Measurements for Series I Epoxy Resins (DGEBA/DDS) 
Epoxy 
Resin 
ρ, Lit 
(g/ml) 
[32] 
ρ, 
Meas* 
(g/ml) 
CTE, 
Lit** 
(ppm/ 
°C) 
[32] 
CTE, 
Meas** 
(ppm/ 
°C) 
G, Lit 
(MPa) 
[9] 
G, 
Meas 
(MPa) 
MC, Lit 
(g/mol) 
[9] 
MC, 
Meas 
(g/mol) 
DER 
331 
1.17 0.92 35/160 64.8/152 13.0 16.1 305 296 
DER 
337 
N/A^ 0.95 N/A^ 56.2/175 N/A^ 13.2 N/A^ 307 
DER 
661 
1.18 1.00 53/154 50.7/184 2.80 4.64 1160 820 
* Density measurements taken at Tg + 50°C 
** Glassy CTE/Rubbery CTE 
^ Comparable literature values could not be found for DER 337. 
 
Table 3-2: MC and Tg Measurements for Series I Epoxy Resins (DGEBA/DDS) 
Epoxy 
Resin 
Epoxy 
Monomer 
Molecular 
Weight 
(g/mol) 
MC, 
calculated 
(g/mol) 
MC, 
measured 
(g/mol) 
Tg, 
literature 
(°C) [9,18] 
Tg, 
measured 
(°C) 
DER 331 378 498 296 212 186 
DER 337 480 604 307 174* 182 
DER 661 1080 1184 820 120 127 
* Estimated from graph in Figure 3 in paper by Pearson and Yee [9]. 
 
 Displayed in Figure 3-1 is a graph of Tg vs. 1/MC for the DDS-cured epoxies.  The 
trendline displayed in the graph is a form of the Nielsen model presented in Eqn. 1.3.  
The measured values indicate a Tg0 of 357K and a ζ value of 5.36 * 10
4
 kg K/mol, which 
is higher than the value of 3.9 * 10
4
 kg K/mol empirically determined by Nielsen [7]. 
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Figure 3-1. Graph of Tg vs. 1/MC for Series I Epoxy Resins (DGEBA/DDS): 
 Pearson and Yee Literature Tg, Calculated MC and  Measured Tg, Calculated MC. 
 
 
 In section 1.2, three different models were presented that related Tg to the 
molecular weight of the epoxy resin, either in terms of molecular weight between 
crosslinks.  The model by Nielsen presented in Eqn. 1.3 describes Tg as a function of 
molecular weight between crosslinks.  The model by Crawford and Lesser presented in 
Eqn. 1.4 extends the Nielsen model by relating Tg to average functionality as well as 
molecular weight between crosslinks.  However, for a tetrafunctional crosslinker such as 
DDS or mPDA, fc=4, so the model reduces to a form equivalent to the Nielsen model.  
Finally, the model by Bellenger, et al, discussed in Eqns. 1.5-1.7 relates Tg to the 
monomer molecular weight as well as the flexibility of the bonds in the chemical 
structure.  A comparison of how well the Nielsen and Bellenger models fit the data 
presented in this section is illustrated in the graph in Figure 3-2.  It is observed that while 
the Nielsen model predicted the Tg at low MC better, the Bellenger model was a better 
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predictor of Tg over the entire range of molecular weights between crosslinks.  Thus, the 
Bellenger model appears to be a better fit for the data obtained in this work.  Inaccuracies 
could be a result of deviations from ideal sample prep conditions, including possible 
etherification reactions during postcuring which could cause increases in measured Tg. 
 
Figure 3-2.  Tg measurements for Series I epoxy resins compared to predictions by the 
Nielsen and Bellenger models:  Measured Tg,  Tg predictions by Nielsen,  Tg 
predictions by Bellenger, et al. 
 
 
3.1.2 mPDA-Cured Epoxy Resins 
 A study involving the molecular weights between crosslinks was performed for 
DGEBA/mPDA system.  The results are presented in Table 3-3.  The Tg values agree 
reasonably well with the results from Vakil and Martin [33].  Also, measured crosslink 
densities display a similar effect as with the DDS-cured resins, i.e. measured values 
significantly lower than those calculated using Eqn. 1.2.  The overall increasing trend of 
molecular weight between crosslinks and the overall decreasing trend of Tg as a function 
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of monomer molecular weight are both similar to what was observed with the DDS-cured 
epoxies. 
Table 3-3: MC and Tg Measurements for Series II Epoxy Resins (DGEBA/mPDA) 
Epoxy 
Resin 
Epoxy 
Monomer 
Molecular 
Weight 
(g/mol) 
MC, 
calculated 
(g/mol) 
MC, 
measured 
(g/mol) 
Tg, 
literature 
(°C) [33] 
Tg, 
measured 
(°C) 
DER 332 348 400 193 175 185 
DER 337 480 530 267 135 149 
DER 661 1080 1110 605 120 115 
 
 
Figure 3-3.  Graph of Tg vs. 1/MC for Series II Epoxy Resins. (DGEBA/mPDA): 
 Vakil and Martin Literature Tg and  Measured Tg, Calculated MC 
 
 
 The graph in Figure 3-3 displays the relationship between Tg and 1/MC for the 
mPDA-cured epoxy resins.  Based on the measurements for this epoxy series, the Tg0 
appears to be 347K, while the value for ζ, in this case 4.29 * 104 kg K/mol, again appears 
to be higher than the value of 3.4 * 10
4
 kg K/mol, reported by Crawford and Lesser [5]. 
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The graphs in Figure 3-4 compares the measured Tg results to predicted values 
using the Bellenger model.  The model appears to be highly accurate at low and moderate 
molecular weights between crosslinks and appears to underpredict Tg at the highest 
molecular weight between crosslinks.  However, this underprediction is within 5% error, 
thus showing that the Bellenger model gives a reasonable prediction of Tg over a wide 
range of molecular weights between crosslinks. 
 
Figure 3-4.  Tg measurements for Series II epoxy resins (DGEBA/mPDA) compared to 
Bellenger predictions:  Measured Tg,  Tg predictions by Bellenger, et al. 
 
 
3.1.3 Chain-Extended mPDA-Cured Epoxy Resins 
 In this study, molecular weight between crosslinks was controlled by use of the 
chain extender aniline instead of by varying epoxy monomer molecular weight.  The 
results of this study are found in Table 3-4.  The Tg values for this system matched up 
very well with the results seen by Crawford and Lesser [5].  However, once again, the 
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molecular weights between crosslinks were low compared to the theoretical values, 
though the upward trend as a function of chain extender content was still present. 
Table 3-4: MC and Tg Measurements for Series III Epoxy Resins 
(DGEBA/Aniline/mPDA) 
mPDA:Aniline 
Ratio (wt%) 
Epoxy 
Oligomer 
Molecular 
Weight 
(g/mol) 
MC, 
calculated 
(g/mol) 
MC, 
measured 
(g/mol) 
Tg, 
literature 
(°C) [5] 
Tg, 
measured 
(°C) 
100:0 348 400 193 181 185 
75:25 571 550 188 150 160 
50:50 798 850 528 128 125 
25:75 1728 1730 1170 110 110 
 
 Figure 3-5 is a graph of Tg vs. 1/MC for the chain-extended mPDA-cured epoxy 
resins.  Based on the measurements for this epoxy series, the Tg0 appears to be 356K, 
while the value for ζ appears to be 4.06 * 104 kg K/mol. 
 
Figure 3-5.  Graph of Tg vs. 1/MC for Series III Epoxy Resins (DGEBA/Aniline/mPDA): 
 Crawford and Lesser Literature Tg, Calculated MC and  Measured Tg, Calculated MC 
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 The graph in Figure 3-6 shows the Tg values measured in this work to predictions 
using the approach developed by Bellenger, et al [6].  The data appear to fit the Bellenger 
model reasonably well, i.e. within 5% error.  Discrepancies could again have arisen from 
non-ideal sample prep conditions such as side reactions during postcure. 
 
Figure 3-6.  Tg measurements for Series III epoxy resins (DGEBA/Aniline/mPDA) 
compared to Bellenger predictions:  Measured Tg and  Bellenger Tg predictions 
 
 
3.1.4 Trifunctional Amine-Cured Epoxy Resins 
 In these experiments, the two extreme MC cases from the Series III mPDA-cured 
resins were observed with the use of trifunctional nMoPDA instead of tetrafunctional 
mPDA as the curing agent.  The results for the nMoPDA-cured DER 332 resins are 
shown in Table 3-5.  The Tg values were very similar to those observed by Crawford and 
Lesser, as was the molecular weight between crosslinks for the formulation containing 
nMoPDA alone [5].  The MC at high aniline content was much higher than the value 
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calculated from Eqn. 1.2, this time possibly indicating a much lower-than-expected 
plateau modulus from DMA.  Note that the Tg values of the nMoPDA-cured systems are 
significantly lower than those of the mPDA-cured systems, suggesting that increasing 
amine functionality does increase the Tg of the system.  These results compare favorably 
with the model developed by Crawford and Lesser as shown in Eqn. 1.4 [5]. 
Table 3-5: MC and Tg Measurements for Series IV Epoxy Resins (DGEBA/Aniline/ 
nMoPDA) 
nMoPDA:Aniline 
Ratio (wt%) 
Epoxy 
Oligomer 
Molecular 
Weight 
(g/mol) 
MC, 
calculated 
(g/mol) 
MC, 
measured 
(g/mol) 
Tg, 
literature 
(°C) [5] 
Tg, 
measured 
(°C) 
100:0 348 430 446 132 135 
70:30 1520 1730 2640 105 105 
  
3.2 Effect of Molecular Weight Between Crosslinks on Yield Behavior 
3.2.1 DDS-Cured Epoxy Resins 
 Compressive yield experiments were first performed on the neat DDS-cured 
resins to determine the role of molecular weight between crosslinks on the yield stress, 
σy.  Results from these experiments are shown in Table 3-6.  Yield stress values are 
slightly lower than reported by Mikitka at low molecular weights between crosslinks and 
slightly higher than reported in literature at a high MC [11].  However, both the measured 
values and literature values were obtained at the same crosshead speed of 1.3 mm/min 
with the same sample geometry, thus ruling out a strain rate effect. However, the overall 
trend of decreasing yield stress with increasing MC holds true.  This relationship is further 
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shown in Figure 3-7 and appears to be less linearly correlated than predicted by Eqn. 1.8 
from Crawford and Lesser [5]. 
Table 3-6: Yield Stress Data for Series I Epoxy Resins (DGEBA/DDS) 
Epoxy 
Resin 
Epoxy 
Monomer 
Molecular 
Weight 
(g/mol) 
MC, calculated 
(g/mol) 
σy, literature 
(MPa) [11] 
σy, measured 
(MPa) 
DER 332 348 470 144.6 ± 2.69 128.8 ± 8.48 
DER 337 480 604 134.8 ± 4.60 129.3 ± 0.96 
DER 661 1080 1184 100.7 ± 2.95 109.3 ± 0.50 
 
 
Figure 3-7.  Graph of Yield Stress vs. 1/MC for Series I Epoxy Resins (DGEBA/DDS): 
 Mikitka Literature Yield Stress, Calculated MC and  Measured Yield Stress, 
Calculated MC 
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3.2.2 mPDA-Cured Epoxy Resins 
 Compression tests were also performed on the mPDA-cured epoxy resins with 
monomer molecular weight again being the variable.  Yield stress results are shown in 
Table 3-7.  These yield stress values again show a similar decreasing trend with 
molecular weight between crosslinks as has been observed with DGEBA/DDS systems 
[11].  The measured yield stress values appeared higher than the values reported by Vakil 
and Martin.  Since both literature and experimental results were at a strain rate of 0.1  
min
-1
, the discrepancy is likely not a strain rate effect.  The relationship between yield 
stress and MC is illustrated in Figure 3-8, and was observed to be fairly linear. 
 
 
Table 3-7: Yield Stress Data for Series II Epoxy Resins (DGEBA/mPDA) 
Epoxy Resin 
Epoxy 
Monomer 
Molecular 
Weight 
(g/mol) 
MC, 
calculated 
(g/mol) 
σy, literature 
(MPa) [34] 
σy, measured 
(MPa) 
DER 332 348 400 118* 122.1 ± 1.19 
DER 337 480 530 105* 116.2 ± 1.71 
DER 661 1080 1110 88* 95.6 ± 1.87 
* Estimated from graph in Figure 2 from paper by Vakil and Martin [34]. 
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Figure 3-8.  Graph of Yield Stress vs. 1/MC for Series II Epoxy Resins (DGEBA/mPDA): 
 Vakil and Martin Literature Yield Stress and  Measured Yield Stress, Calculated MC 
 
 
3.2.3 Chain-Extended mPDA-Cured Epoxy Resins 
 The next set of compression tests involved the specimens in which the 
mPDA:aniline ratio was varied to control molecular weight between crosslinks.  The 
results are displayed in Table 3-8.  Other than the 100% mPDA-cured formulation, which 
was discussed above, the yield stress values for these formulations compared favorably 
with the results from Crawford and Lesser [5].  The relationship between yield stress and 
MC was again found to be linear, as seen in Figure 3-9, though the linearity was slightly 
reduced by the larger scatter in the yield stress measurements.  Again, compression tests 
both in this work and in literature were performed at 0.1 min
-1
. 
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Table 3-8: Yield Stress Data for Series III Epoxy Resins (DGEBA/Aniline/mPDA) 
mPDA:Aniline 
Ratio (wt%) 
Epoxy 
Oligomer 
Molecular 
Weight 
(g/mol) 
MC, 
calculated 
(g/mol) 
σy, literature 
(MPa) [5] 
σy, measured 
(MPa) 
100:0 348 400 132.4 122.1 ± 1.19 
75:25 571 550 124.8 120.6 ± 10.57 
50:50 798 850 119.5 117.3 ± 1.40 
25:75 1728 1730 115.1 111.4 ± 5.10 
 
 
Figure 3-9.  Graph of Yield Stress vs. 1/MC for Series III Epoxy Resins 
(DGEBA/Aniline/mPDA):  Crawford and Lesser Literature Yield Stress, Calculated 
MC and  Measured Yield Stress, Calculated MC 
 
3.2.4 Trifunctional Amine-Cured Epoxy Resins 
 Experimental results from the compression tests for the nMoPDA-cured epoxies 
are shown in Table 3-9.  The yield stress values obtained compare favorably with 
Crawford and Lesser, and the large scatter seen in the yield stress data for the mPDA-
cured epoxies discussed in Section 3.2.3 is no longer present [5].  Again, compression 
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tests in this work and by Crawford and Lesser were both tested at 0.1 min
-1
.  Note also 
that there is no statistically significant difference between the nMoPDA-cured epoxy 
yield stresses and their mPDA-cured counterparts at similar molecular weights between 
crosslinks.  This appears to contradict the Crawford and Lesser’s model presented in Eqn. 
1.8, though further experiments are required to further support these results. 
Table 3-9: Yield Stress Data for Series IV Epoxy Resins (DGEBA/Aniline/mPDA) 
nMoPDA:Aniline 
Ratio (wt%) 
Epoxy 
Oligomer 
Molecular 
Weight 
(g/mol) 
MC, 
calculated 
(g/mol) 
σy, literature 
(MPa) [5] 
σy, measured 
(MPa) 
100:0 348 430 124.3 121.6 ± 0.83 
70:30 1520 1730 113.8 110.0 ± 1.64 
 
3.3 Effect of Molecular Weight Between Crosslinks on Fracture Resistance of 
Neat Resins 
3.3.1 DDS-Cured Epoxy Resins 
 In order to correlate the yield behavior discussed in Section 3.2 with fracture 
resistance and to determine the role of crosslink density, three-point bend fracture 
toughness experiments were conducted.  The results contained in Table 3-10 describe the 
fracture resistance, KC, of the DGEBA/DDS epoxy resins studied.  The measured fracture 
toughness values appear to be within scatter of the values observed by Pearson and Yee, 
Lee and Yee, and Kinloch, et al [8,9,17].  Additionally, KC increases with decreasing 
yield stress, though the increases do not appear to be statistically significant overall.  
Both trends have been observed by Pearson and Yee to be functions of increasing epoxy 
monomer molecular weight, and thus increasing molecular weight between crosslinks [9].  
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The relationship between molecular weight between crosslinks and fracture toughness is 
further illustrated in Figure 3-10.  However, with a larger overall scatter than with Tg or 
yield stress vs. 1/MC, it is more difficult to determine whether or not this trend is indeed 
linear.  This scatter could have been a result of deviations from the ideal penny crack 
geometry desired per ASTM specification D5045, since the geometry is so difficult to 
obtain in a low-toughness, highly crosslinked system. 
Table 3-10: Fracture Toughness Data for Series I Epoxy Resins (DGEBA/DDS) 
Epoxy Resin 
Epoxy 
Monomer 
Molecular 
Weight 
(g/mol) 
MC, 
calculated 
(g/mol) 
KC, literature 
(MPa m
1/2
) 
[8,9,17] 
KC, measured 
(MPa m
1/2
) 
DER 331 378 470 0.78 ± 0.12 0.63 ± 0.10 
DER 337 480 604 N/A* 0.91 ± 0.21 
DER 661 1080 1184 0.86 ± 0.15 0.98 ± 0.09 
* A comparable literature fracture toughness could not be found for DER 337/DDS. 
 
Figure 3-10.  Graph of Fracture Toughness vs. 1/MC for Series I Epoxy Resins 
(DGEBA/DDS):  Lee and Yee Literature KC, Calculated MC and  Measured KC, 
Calculated MC 
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3.3.2 mPDA-Cured Epoxy Resins 
 Next, fracture toughness was measured on the mPDA-cured epoxy resins as a 
function of epoxy monomer molecular weight.  Results from these experiments are 
shown in Table 3-11.  The fracture toughness values of the mPDA-cured resins appear to 
show the same increasing trend with molecular weight between crosslinks as was seen in 
the DDS-cured systems [17], and the fracture toughness at low molecular weight 
compared favorably with literature [5].  The effects of increasing molecular weight 
between crosslinks on KC are further shown in Figure 3-11.  Based on the results shown 
in this graph, the KC vs. 1/MC relationship appears to be linear for the literature values but 
less of a linear fit for the measured values. 
 
Table 3-11: Fracture Toughness Data for Series II Epoxy Resins (DGEBA/mPDA) 
Epoxy Resin 
Epoxy 
Monomer 
Molecular 
Weight 
(g/mol) 
MC, 
calculated 
(g/mol) 
KC, literature 
(MPa m
1/2
) 
[34] 
KC, measured 
(MPa m
1/2
) 
DER 332 378 400 0.54 0.79 ± 0.07 
DER 337 480 530 0.62 0.77 ± 0.07 
DER 661 1080 1110 0.67 1.25 ± 0.18 
* Estimated from graph in Figure 11 from paper by Vakil and Martin [34]. 
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3.3.3 Chain-Extended mPDA-Cured Epoxy Resins 
 The next set of experiments was performed on the aniline-extended mPDA-cured 
epoxies.  The results are featured in Table 3-12 and compare favorably with the results 
seen by Crawford and Lesser, though the fracture toughness at the highest concentration 
was slightly higher than the literature value [5].  Again, fracture toughness increases with 
increasing molecular weight between crosslinks.  The graph in Figure 3-12 further 
illustrates this relationship, which appears to bear non-linearity. 
 
Figure 3-11.  Graph of Fracture Toughness vs. 1/MC for Series II Epoxy Resins 
(DGEBA/mPDA):  Vakil and Martin Literature KC, Calculated MC and 
 Measured KC, Calculated MC 
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Table 3-12: Fracture Toughness Data for Series III DER 332 Epoxy Resins 
mPDA:Aniline 
Ratio (wt%) 
Epoxy 
Oligomer 
Molecular 
Weight 
(g/mol) 
MC, 
calculated 
(g/mol) 
KC, literature 
(MPa m
1/2
) 
[5] 
KC, measured 
(MPa m
1/2
) 
100:0 348 400 0.70 0.79 ± 0.07 
75:25 571 550 0.69 0.69 ± 0.15 
50:50 798 850 0.80 0.75 ± 0.12 
25:75 1728 1730 0.97 1.19 ± 0.15 
 
 
Figure 3-12.  Graph of Fracture Toughness vs. 1/MC for Series III Epoxy Resins 
(DGEBA/Aniline/mPDA):  Crawford and Lesser Literature KC, Calculated MC and 
 Measured KC, Calculated MC 
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3.3.4 Trifunctional Amine-Cured Epoxy Resins 
 Results for the nMoPDA-cured epoxy resins are shown below in Table 3-13.  
While no comparable fracture toughness was found in literature for the lightly 
crosslinked case, the highly crosslinked case agreed well with the literature value from 
Crawford and Lesser [5].  Also notable is that there is no statistically significant 
difference between the fracture toughness of the tetrafunctional amine-cured and 
trifunctional amine-cured epoxies at comparable crosslink densities.  This further 
supports the trends described in Section 3.2.4, in which functionality was found to have 
no significant effect on the yield stress. 
Table 3-13: Fracture Toughness Data for Series IV DER 332 Epoxy Resins 
nMoPDA:Aniline 
Ratio (wt%) 
Epoxy 
Oligomer 
Molecular 
Weight 
(g/mol) 
MC, 
calculated 
(g/mol) 
KC, 
literature 
(MPa m
1/2
) 
[5] 
KC, 
measured 
(MPa m
1/2
) 
100:0 458 430 0.82 0.73 ± 0.08 
70:30 1520 1730 N/A* 1.17 ± 0.10 
* A comparable literature fracture toughness could not be found for the lightly 
crosslinked case. 
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3.4 Mechanical Behavior of Rubber-Toughened Epoxy Systems 
3.4.1 MAM* Toughened DDS-Cured Epoxy Resins 
 After observing the effects of crosslink density on Tg, yield stress, and fracture 
toughness of the neat epoxy resins, the same formulations were studied when 10 phr 
MAM* was added.  For the case of the DDS-cured epoxy resins, the results are shown in 
Table 3-14.  The results show that with the addition of 10 phr MAM*, Tg and yield stress 
decrease and KC increases.  These changes become greater as molecular weight between 
crosslinks of the neat resin increases, thus showing that the more lightly crosslinked an 
epoxy system is, the more toughenable the epoxy will be.  This effect has been seen 
before with other rubber toughened DDS-cured epoxies [9,17].  The graphs in Figure 3-
13 further illustrate these trends. 
Table 3-14: Properties of MAM* Modified Series I Epoxies (DGEBA/DDS) 
Epoxy 
Resin 
Tg, 
Neat 
Resin 
(°C) 
Tg, 
MAM* 
Modified 
Resin 
(°C) 
σy, Neat 
Resin 
(MPa) 
σy, MAM* 
Modified 
Resin (MPa) 
KC, Neat  
Resin 
(MPa m
1/2
) 
KC, MAM* 
Modified  
Resin 
(MPa m
1/2
) 
DER 
331 
186 180 128.8 ± 8.48 109.4 ± 0.99 0.63 ± 0.10 0.98 ± 0.11 
DER 
337 
182 161 129.3 ± 0.96 98.3 ± 2.15 0.91 ± 0.21 1.09 ± 0.13 
DER 
661 
127 114 109.3 ± 0.50 92.4 ± 0.69 0.98 ± 0.09 2.11 ± 0.12 
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Figure 3-13.  Graphs of (a) Tg, (b) Yield Stress, and (c) Fracture Toughness vs. 1/MC for 
Neat and MAM* Modified Series I Epoxy Resins (DGEBA/DDS):  Neat Resin and  
10 phr MAM 
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 Also, in order to determine if the fracture toughness specimens satisfy plane-strain 
constraints, i.e. if KC = KIC, Eqn. 2.7 must be satisfied: 
              
  
  
   (2.7) 
In order to determine whether plane-strain constraint is satisfied, Table 3-15 contains 
values for the average thickness B, crack length a, and specimen width minus crack 
length W-a as well as values for the right side of Eqn. 2.7.  Based on this table, all the 
DGEBA/DDS formulations are shown to be plane-strain constrained. 
 
 
Table 3-15: Plane-Strain Constraint Parameters for Series I DGEBA/DDS Epoxy Resins 
Epoxy Resin B (m) a (m) W-a (m) 2.5(KC/σy)
2
 
Plane-Strain 
Constrained? 
DER 331 0.00597 0.00621 0.00636 0.0000598 Yes 
DER 
331/MAM* 
0.00608 0.00633 0.00636 0.000201 Yes 
DER 337 0.00669 0.00619 0.00626 0.000124 Yes 
DER 
337/MAM* 
0.00696 0.00610 0.00647 0.000307 Yes 
DER 661 0.00690 0.00640 0.00620 0.000201 Yes 
DER 
661/MAM* 
0.00588 0.00605 0.00667 0.000931 Yes 
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3.4.2 MAM* Toughened mPDA-Cured Epoxy Resins 
 Similar tests were performed on the Series II epoxies to determine the effects of 
crosslink density on the toughenability of those systems.  The results are shown in Table 
3-16.  Note that results for the higher molecular weight resin were more difficult to obtain 
due to the faster kinetics of reaction for this system, i.e. the samples gelled while/before 
pouring into the mold.    As with the DDS-cured epoxies, the drops in Tg and yield stress 
and the increase in fracture toughness due to the presence of rubber became larger with 
increasing molecular weight between crosslinks of the neat resin.  These trends are 
further shown in Figure 3-14. Plane-strain constraint criteria are featured in Table 3-17, 
and all formulations meet the criteria. 
 
Table 3-16: Properties of MAM* Modified Series II Epoxies (DGEBA/mPDA) 
Epoxy 
Resin 
Tg, 
Neat 
Resin 
(°C) 
Tg, 
MAM* 
Modified 
Resin 
(°C) 
σy, Neat 
Resin 
(MPa) 
σy, MAM* 
Modified 
Resin (MPa) 
KC, Neat  
Resin 
(MPa 
m
1/2
) 
KC, 
MAM* 
Modified  
Resin 
(MPa 
m
1/2
) 
DER 
332 
185 172 122.1 ± 1.19 113.6 ± 2.99 
0.79 ± 
0.07 
0.83 ± 
0.05 
DER 
337 
149 151 116.2 ± 1.71 108.4 ± 0.98 
0.77 ± 
0.07 
1.15 ± 
0.11 
DER 
661 
115 N/A 95.6 ± 1.87 N/A 
1.25 ± 
0.18 
N/A 
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Table 3-17: Plane-Strain Constraint Parameters for Series II Epoxy Resins 
(DGEBA/mPDA) 
Epoxy Resin B (m) a (m) W-a (m) 2.5(KC/σy)
2
 
Plane-Strain 
Constrained? 
DER 332 0.00688 0.00620 0.00640 0.000105 Yes 
DER 
332/MAM* 
0.00678 0.00623 0.00628 0.000133 Yes 
DER 337 0.00664 0.00636 0.00622 0.000110 Yes 
DER 
337/MAM* 
0.00582 0.00629 0.00658 0.000281 Yes 
DER 661 0.00585 0.00640 0.00624 0.000647 Yes 
 
 
 
3.4.3 MAM* Toughened Chain-Extended mPDA-Cured Epoxy Resins 
 The effects of the rubber toughening agents on the properties of the aniline-
extended mPDA-cured resins were then investigated.  In this case, even the rubber-
toughened resins with the lightest degree of crosslinking were able to be processed.  Data 
from these studies are shown in Table 3-18.  As with the Series II mPDA-cured resins, as 
the neat resin molecular weight between crosslinks increases, toughenability increases.  
This trend can be further seen in Figure 3-15.  As with the previous sections, plane-strain 
constraint criteria are tabulated for the Series III epoxies.  This information can be found 
in Table 3-19.  Again, all formulations satisfy plane-strain constraint criteria. 
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Figure 3-14.  Graphs of (a) Tg, (b) Yield Stress, and (c) Fracture Toughness vs. 1/MC for 
Neat and MAM* Modified Series II Epoxy Resins (DGEBA/mPDA):  Neat Resin and 
 10 phr MAM 
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Figure 3-15.  Graphs of (a) Tg, (b) Yield Stress, and (c) Fracture Toughness vs. 1/MC for 
Neat and MAM* Modified Series III Epoxy Resins (DGEBA/Aniline/mPDA):  Neat 
Resin and  10 phr MAM 
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Table 3-18: Properties of MAM* Modified Series III Epoxies (DGEBA/Aniline/mPDA) 
mPDA:
Aniline 
Ratio 
(wt%) 
Tg, 
Neat 
Resin 
(°C) 
Tg, 
MAM* 
Modified 
Resin 
(°C) 
σy, Neat 
Resin 
(MPa) 
σy, MAM* 
Modified 
Resin 
(MPa) 
KC, Neat  
Resin 
(MPa 
m
1/2
) 
KC, MAM* 
Modified  
Resin (MPa 
m
1/2
) 
100:0 185 172 
122.1 ± 
1.19 
113.6 ± 
2.99 
0.79 ± 
0.07 
0.83 ± 0.05 
75:25 160 116 
120.6 ± 
10.57 
116.9 ± 
1.34 
0.69 ± 
0.15 
1.11 ± 0.04 
50:50 125 123 
117.3 ± 
1.40 
110.5 ± 
1.14 
0.75 ± 
0.12 
1.50 ± 0.11 
25:75 110 109 
111.4 ± 
5.10 
108.1 ± 
3.14 
1.19 ± 
0.15 
1.78 ± 0.22 
 
Table 3-19: Plane-Strain Constraint Parameters for Series III Epoxy Resins 
(DGEBA/Aniline/mPDA) 
mPDA:Aniline 
Ratio (wt%)/ 
Modifier 
B (m) a (m) W-a (m) 2.5(KC/σy)
2
 
Plane-Strain 
Constrained? 
75:25 0.00712 0.00589 0.00666 0.0000818 Yes 
75:25/MAM* 0.00671 0.00632 0.00623 0.000225 Yes 
50:50 0.00688 0.00628 0.00620 0.000102 Yes 
50:50/MAM* 0.00666 0.00621 0.00631 0.000461 Yes 
25:75 0.00692 0.00605 0.00646 0.000285 Yes 
25:75/MAM* 0.00662 0.00643 0.00611 0.000678 Yes 
 
3.4.4 MAM* Toughened Trifunctional Amine-Cured Epoxy Resins 
 Next, a toughenability study was performed on the lightly crosslinked nMoPDA-
cured epoxy resin.  Results from that study are shown in Table 3-20.  Note that the yield 
stress and fracture toughness for both the neat and rubber-modified nMoPDA-cured 
epoxy are not statistically different from those of its mPDA-cured counterpart.  However, 
the Tg is lower by more than 20°C.  This makes sense based on the model presented by 
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Crawford and Lesser, as in Eqn. 1.4 [5].  Since compression tests have not been 
performed, plane-strain constraint information is unavailable for the MAM* toughened 
Series IV epoxies. 
Table 3-20: Properties of MAM* Modified Series IV Epoxy (DGEBA/Aniline/nMoPDA) 
nMoPDA
:Aniline 
Ratio 
(wt%) 
Tg, 
Neat 
Resin 
(°C) 
Tg, MAM* 
Modified 
Resin (°C) 
σy, Neat 
Resin 
(MPa) 
σy, MAM* 
Modified 
Resin 
(MPa) 
KC, Neat  
Resin 
(MPa 
m
1/2
) 
KC, MAM* 
Modified  
Resin 
(MPa m
1/2
) 
30:70 105 87 
110.0 ± 
1.64 
Not tested 
1.17 ± 
0.10 
1.91 ± 0.22 
 
3.4.5 Use of CTBN and Core-Shell Rubber 
 While all formulations proved to be toughenable with the use of MAM* as a 
rubber modifier, the improvements in fracture toughness were modest compared to what 
has been seen with other modifiers such as CTBN and core-shell rubber (CSR) [9,24].  
As a result, the use of those modifiers was investigated with the Series III (chain-
extended mPDA-cured) epoxies in an 10 phr concentration to determine if larger particles 
with more rubber content would help to further improve the fracture toughness.  The 
results of these studies are shown in Table 3-21.  While the same general downward 
trends in Tg and yield stress and upward trends in KC exist as with the MAM* toughened 
epoxies, the degree of those trends as a function of neat resin molecular weight between 
crosslinks seems to be larger.  However, what is notable is that while the Tg decreases 
more for the case of the CTBN-modified epoxies, the yield stress decreases more and the 
fracture toughness increases more with the CSR-modified epoxies, which could be a 
particle size effect.  Also, the decrease in Tg for the CSR-modified epoxies was 
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unanticipated, considering that the Tg did not change with the addition of CSR in research 
by Sue [35].  However, it is possible that the molecular weight of the epoxy in the CSR 
concentrate was somewhat higher than the molecular weight of the DER 331 resin, which 
could have contributed to the Tg drop.  These trends are further illustrated in Figure 3-16.  
Additionally, plane-strain constraint criteria are discussed in Table 3-22. Note that all 
tests were properly constrained. 
Table 3-21: Properties of  CTBN and CSR Modified Series III Epoxies 
(DGEBA/Aniline/mPDA) 
mPDA:Aniline Ratio (wt%)/ 
Modifier 
Tg (°C) σy (MPa) KC (MPa m
1/2
) 
100:0 185 122.1 ± 1.19 0.79 ± 0.07 
100:0/CTBN 170 95.1 ± 1.84 0.76 ± 0.08 
50:50 125 117.3 ± 1.40 0.75 ± 0.12 
50:50/CTBN 121 94.9 ± 0.42 1.85 ± 0.08 
50:50/CSR 111 99.3 ± 1.47 2.41 ± 0.13 
25:75 110 111.4 ± 5.10 1.19 ± 0.15 
25:75/CTBN 102 92.6 ± 1.57 2.67 ± 0.09 
25:75/CSR 95 96.0 ± 2.83 2.89 ± 0.20 
 
Table 3-22: Plane-Strain Constraint Parameters for CTBN and CSR-Modified Series III 
Epoxies 
mPDA:Aniline 
Ratio (wt%)/ 
Modifier 
B (m) a (m) W-a (m) 2.5(KC/σy)
2
 
Plane-Strain 
Constrained? 
100:0/CTBN 0.00692 0.00676 0.00576 0.000160 Yes 
50:50/CTBN 0.00681 0.00631 0.00624 0.000950 Yes 
50:50/CSR 0.00661 0.00622 0.00632 0.00147 Yes 
25:75/CTBN 0.00662 0.00614 0.00634 0.00208 Yes 
25:75/CSR 0.00681 0.00624 0.00626 0.00227 Yes 
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Figure 3-16.  Graphs of (a) Tg, (b) Yield Stress, and (c) Fracture Toughness vs. 1/MC for 
Neat, CTBN-Modified, and CSR-Modified Series III Epoxy Resins:  Neat Resin,  10 
phr CTBN and  10 phr CSR 
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3.5 Fractography of Rubber-Toughened Epoxies 
3.5.1 Use of MAM* as Toughening Agent 
 The improvements in fracture toughness with the use of MAM* as an additive 
were shown to be noticeable though modest, as seen in Sections 3.4.1-3.4.4.  Thus, it is 
important to understand the fracture mechanisms.  In order to do so, the stress-whitened 
regions of fractured specimens from three-point bend testing were observed under the 
SEM.  Particle size, particle distribution, and signs of plastic void growth were 
investigated.  First, the fracture surfaces from SEN3PB DDS-cured specimens were 
observed.  The micrographs from this study are shown in Figure 3-17.  Each micrograph 
shows randomly distributed nano-sized voids, a desirable morphology when toughening 
epoxy.  Surface roughness increases with epoxy molecular weight, indicating increasing 
ductility, which is expected given the increases in fracture toughness.  Particle sizes were 
measured for each formulation and were observed to be 12-25 nm for the DER 331 and 
DER 337 resins.  The rubber particles in the DER 661 resin were observed to be 20-35 
nm.  This evidence of void growth supports the small increase in fracture toughness from 
DER 331 to 337 and the doubling in fracture toughness from the 300-series resins to 
DER 661. 
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Figure 3-17.  SEM Images of MAM* Modified DDS-Cured (a) DER 331, (b) DER 337, 
and (c) DER 661. 
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 The images in Figure 3-18 are for the mPDA-cured epoxy resins.  Again, random 
distributions of nanoparticles were observed, with additional surface roughness in the 
DER 337 resin signifying an increase in ductility from the DER 332-based resin to the 
DER 337 resin.  Particle size ranges were 12-20 nm for the DER 332 system and 20-40 
nm for the DER 337 system.  This doubling of particle size with resin molecular weight 
again provides evidence of plastic void growth and again supports the significant 
increases in fracture toughness observed between the rubber-toughened DER 332 and 
337. 
 
 
Figure 3-18.  SEM Images of MAM* Modified mPDA-Cured (a) DER 332 and (b) DER 
337. 
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 The micrographs in Figure 3-19 are for the chain-extended mPDA-cured resins.  
These micrographs can be compared back to the mPDA-cured DER 332 in Figure 3-15 
for reference.  The particle distribution was again random, with slight increases in surface 
roughness with increasing aniline content signifying increasing ductility.  Evidence of 
plastic void growth was again observed.  For the epoxy cured with 75wt% mPDA and 
25wt% aniline, particle sizes were 15-25 nm, which is very similar to the resin cured with 
mPDA alone.  For the epoxy cured with a 50:50 mixture of mPDA and aniline, the 
particle size showed an increase to the 15-35 nm range.  Finally, the formulation cured 
with 25wt% mPDA and 75wt% aniline displayed particle sizes of 25-40 nm.  This 
particle size effect again supports the increasing trend in fracture toughness seen in Table 
3-17. 
 While plastic void growth did appear to occur with the MAM* in these epoxy 
resins, the increases in fracture toughness were still modest.  This could indicate that 
particles under 100 nm in size are fairly weak toughening agents.  However, it is notable 
that only about 1/3 of the content of the MAM* triblock copolymer is actually rubber, i.e. 
butyl acrylate, compare to the 2/3 methyl methacrylate content.  Thus, instead of a 10 phr 
rubber concentration, only about 3 phr is actually rubber.  With this little concentration of 
rubber, the cavitation effects are significantly reduced, which is a more likely cause of the 
modest increases in fracture toughness. 
77 
 
 
 
  
 
Figure 3-19.  SEM images of MAM* Modified Chain Extended mPDA-Cured DER 332 
at mPDA:Aniline Weight Ratios of (a) 75:25, (b) 50:50, and (c) 25:75. 
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3.5.2 Use of CTBN as Toughening Agent 
 After studying the toughening mechanisms in the MAM* toughened epoxies, the 
CTBN-toughened, chain-extended mPDA-cured DER 332 epoxies were observed under 
the SEM.  Micrographs can be found in Figure 3-20.  In this case, cavitated particles can 
be more clearly observed due to the micron scale of the particles.  In the CTBN-modified 
resin cured with mPDA alone, the cavitated particle size was 0.1-1.2 µm in diameter.  
When the mPDA:aniline weight ratio was increased to 50:50, the particle size increased 
to 0.8-2.3 µm.  At an mPDA:aniline ratio of 25:75, the cavitated particle sizes grew to 
2.0-4.5 µm.  This evidence of plastic void growth compares favorably to the increases in 
fracture toughness in the CTBN-modified systems.  In this case, 10 phr CTBN provides 
more toughening than the same concentration of MAM*, which further suggests a rubber 
concentration effect.  The rubber content of MAM* is around 33%, while the rubber 
content of CTBN is nearly 100%, thus increasing the volume fraction of cavitated rubber 
particles and the overall effectiveness of CTBN as a toughening agent. 
3.5.3 Use of CSR as Toughening Agent 
 Finally, the toughening mechanisms were observed in the CSR-modified DER 
331 systems.  Micrographs can be found in Figure 3-21.  In this case, some cavitation can 
again be observed.  The cavitated particle size was shown to increase from 20-80 nm with 
an mPDA:aniline ratio of 50:50 to 40-150 nm with an mPDA:aniline ratio of 25:75.  
Thus, evidence of plastic void growth was again seen.  The increasing size of cavitated 
particles supports the larger increases in fracture toughness.  As with the CTBN, the  
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Figure 3-20.  SEM images of CTBN-Modified Chain Extended mPDA-Cured DER 332 
at mPDA:Aniline Weight Ratios of (a)100:0, (b)50:50, and (c)25:75. 
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rubber content of the CSR is very close to 100%, which again allows for a much greater 
volume fraction of cavitated particles than in the MAM* modified systems.  Thus, 
despite the claim by Barsotti, et al, that block copolymers provide better toughening [22], 
CSR appears to be a very effective toughening agent in these epoxy systems. 
 
 
Figure 3-21.  SEM images of CSR-Modified Chain Extended mPDA-Cured DER 332 at 
mPDA:Aniline Weight Ratios of (a) 50:50 and (b) 25:75. 
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4. SUMMARY AND CONCLUSIONS 
 The molecular weight between crosslinks for several series of epoxy resins has been 
shown to control the glass transition temperature, yield stress, fracture toughness, and 
toughenability of these systems.  One way to increase the molecular weight between 
crosslinks was to increase the epoxy monomer molecular weight.  Another way to 
increase the molecular weight between crosslinks was to use a chain extender, such as 
aniline.  When either monomer molecular weight or chain extender content is increased, 
the fracture toughness of the neat epoxy increases and the toughenability of the epoxy 
system also increases.  When MAM* is used as the toughening agent, toughness 
increases but compromises in glass transition temperature and yield stress are observed.  
Note that the MAM* improved the toughness of the epoxy systems, however, the 
improvements were modest when compared to results, both experimental and published, 
when CTBN or CSR was used as a modifier.  This is likely due to the low rubber content 
of the MAM* when compared to that of the CTBN or CSR.  Regardless of the type of 
toughening agent used, plastic matrix void growth was observed to varying degrees in the 
case of all modified epoxies, thus showing that toughening mechanism was the same in 
all of the rubber-modified epoxies studied.  The molecular weight between crosslinks 
merely affected the extent of the plasticity at the crack-tip. 
 When a trifunctional crosslinker was used in place of a tetrafunctional crosslinker, the 
glass transition temperature was shown to decrease.  This effect has been observed in 
literature by Crawford and Lesser.  However, the yield stress and fracture toughness 
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exhibited no significant change as a function of crosslinker functionality.  These results 
suggest that molecular weight between crosslinks plays a larger role in toughenability 
than crosslinker functionality.  However, a wider range of crosslinker functionality 
should be studied in order to verify this conclusion. 
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5. RECOMMENDATIONS FOR FUTURE WORK 
5.1  Trifunctional and Mixed Crosslinking 
 In this work, the effects of molecular weight between crosslinks on fracture toughness 
and toughenability of epoxy resins were studied.  To accomplish this, a tetrafunctional 
aromatic amine (mPDA) was used as a crosslinker, and crosslink density was controlled 
through either variations of monomer molecular weight or chain extender content.  
Preliminary results with two different formulations cured using a trifunctional crosslinker 
(nMoPDA) suggested that the effects of functionality on fracture toughness and 
toughenability are minimal.  However, additional formulations should be made to further 
prove this point.  It is recommended that epoxy formulations cured using 
nMoPDA:aniline mole ratios of 25:75 and 50:50 be used to complement the Series IV 
studies in this research and to obtain the same molecular weights between crosslinks as 
were used with the mPDA-cured resins.  The use of toughening agents such as MAM, 
CTBN, or CSR can be used to promote enhancements in fracture toughness as in this 
work.  Thus, it can be determined as to whether crosslinker functionality has an effect on 
toughenability in addition to that of crosslink density. 
 In addition, Crawford and Lesser studied the effects of mixed crosslinking, i.e. by 
mixing crosslinkers of tetrafunctional and trifunctional character, on Tg and crosslink 
density.   However, the effects of mixed crosslinking on fracture toughness and 
toughenability have not been researched.  Thus, it is recommended that in order to better 
understand these effects, a series of formulations similar to those studied by Crawford 
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and Lesser be examined, i.e. with nMoPDA:mPDA ratios of 70:30, 60:40, 50:50, and 
40:60.  Again, MAM, CTBN, and CSR can be used as modifiers to study any 
improvements in toughenability.  Thus, the effects of average functionality of fracture 
toughness and toughenability can be more fully understood. 
5.2  Effects of Hexafunctional Crosslinking 
 While studies have been performed on epoxy resins cured with trifunctional and 
tetrafunctional phenylene diamines, few attempts have been made to study the effects of 
higher functionality phenylene amines.  Thus, the use of a hexafunctional aromatic 
amine, 1,3,5-triaminobenzene, as a curing agent is proposed.  It is recommended that this 
triamine be used with low molecular weight DGEBA due to its high functionality and 
possible high reactivity.  Thus, a formulation based on pure DER 332 is recommended.  
If such a formulation possesses a processing-favorable viscosity and a reasonable pot life, 
aniline-extended DER 332 formulations are recommended as well, including triamine-
aniline mole ratios of 25:75, 50:50, and 75:25 if the viscosity and pot life are favorable 
for processing.  Also, the use of MAM, CTBN, or CSR as a toughening agent is 
recommended if it is possible to process a rubber-modified formulation.  Thus, it can be 
determined if epoxy resins can be processed using a hexafunctional aromatic amine.  If 
processing is possible, the effects of crosslinker hexafunctionality on fracture toughness 
and toughenability can also be determined. 
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5.3  Trifunctional and Tetrafunctional Epoxy Functionality 
 The effects of amine functionality on fracture toughness have been studied in 
literature by several groups, including Crawford and Lesser.  However, the effects of 
epoxy functionality on fracture toughness and toughenability are not yet understood.  
Trifunctional epoxy resins such as triglycidyl aminophenol (TGAP) and tetrafunctional 
epoxies such as tetraglycidyl methylenedianiline (TGMDA) have been studied 
independently and used in a host of different applications.  The fracture resistance of 
epoxies containing mixed functionalities has yet to be studied.  Thus, it is recommended 
that mixtures of TGAP and TGMDA be studied to determine their flaw tolerance as a 
function of the ratio between trifunctional and tetrafunctional epoxy content.  For 
consistency with this study and with the work of Crawford and Lesser, mPDA is 
proposed as a tetrafunctional crosslinker. TGAP to TGMDA mole ratios recommended 
for the proposed work are 25:75, 50:50, 75:25, and the pure TGAP and TGMDA 
formulations.  The use of MAM, CTBN, and CSR as possible modifiers can aid in 
determine the effects of average functionality on toughenability.  From this work, it can 
be determined whether epoxy functionality plays a larger role in fracture toughness and 
toughenability than crosslinker functionality or molecular weight between crosslinks. 
5.4  Mixed Functionality Epoxy Resins Cured with Hexafunctional Crosslinkers 
 Once a relationship is determined between epoxy functionality and toughenability as 
per Section 5.3, the effects of higher functionality curing agents can be studied.  Thus, 
formulations consisting of the same ratios of TGAP to TGMDA are proposed.  In this 
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case, the hexafunctional aromatic amine 1,3,5-triaminobenzene, discussed in Section 5.2, 
is proposed as the crosslinking agent.  Again, the rubber tougheners recommended in 
Sections 5.1-5.3 can be used to determine how toughenable these formulations are.  As a 
result, it can be determined whether mixed functionality epoxies can be toughened when 
a high functionality crosslinker is used. 
5.5  Use of Chain-Extended mPDA-Cured Epoxies in Laminate Composites 
 As discussed in Chapter 1, the primary application for highly crosslinked epoxies is 
as a matrix material for polymer matrix composites.  Thus, as the toughenability is more 
understood in chain-extended epoxy resins such as the mPDA-cured epoxies studied in 
this work, the practical aspects of the toughened bulk resins need to be considered.  Thus, 
it is recommended that the toughened chain-extended epoxy formulations studied in this 
work be used as the matrix materials in glass fiber-reinforced epoxy composites.  The 
recommended procedure for these composites is to use 24 layers of crossply glass fiber, 
which the epoxy is then allowed to permeate in a vacuum oven to prevent voiding.  A 
release layer such as Teflon should be used to initiate a crack for interlaminar fracture 
toughness testing.  The composite should then be cured in a compression molder, and 
specimens should be prepared for testing.  Tests including interlaminar fracture toughness 
tests, three-point bending, and fatigue should be performed.  The results from these tests 
can provide evidence as to how much effect toughening of a chain-extended epoxy will 
have on the mechanical behavior of a polymer matrix composite. 
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